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Mudrocks constitute up to 80% of the Earth's sedimentary rocks (Stow, 1981) integrity. For this, it is generally agreed that a multiscale experimental approach that combines 30 measurement of bulk mechanical and transport properties with microstructural study to identify 31 deformation mechanisms is required to develop microphysics-based constitutive equations, which can 32 be extrapolated to time scales not available in the laboratory, after comparison with naturally 33 deformed specimens (Morgenstern & Tchalenko 1967; Tchalenko, 1968; Lupini et al., 1981; Rutter et 34 al., 1986; Logan et al., 1979 Logan et al., , 1987 Logan et al., , 1992 In the field of rock mechanics and rock engineering, experiments are performed to low strain and over 38 relatively short time in order to predict damage and deformation in tunnelling and mining, for example. 39
Here, a macroscopic and phenomenological approach is common to characterize mechanical and 40 transport properties and to establish the constitutive laws. Microstructures are rarely studied because 41 the strained regions are difficult to find (except macroscopic fractures), and because microstructures 42 below micrometre scales are elusive. However, it is well established that for long-term predictions a For Opalinus Clay (OPA) deformed in laboratory, Nüesch (1991) and Jordan and Nüesch (1989) 54 concluded that cataclastic flow was the main deformation mechanism, with kinking and shearing on 55 R-and P-surfaces at the micro scale, however this was only based on observations with optical 56 microscopy, so that grain scale processes were not resolved. Klinkerberg (Wang et al., 2013 (Wang et al., , 2015 to measure strain between the clay matrix 78 and non-clay minerals. In summary, deformation mechanisms in mudrocks are poorly understood especially at low strain. 111
Although as a first approximation the plasticity of cemented and uncemented mudrocks can be 112 The prismatic sample COX-2MPa was tested in plane strain compression in a true triaxial apparatus at 148 a constant value of σ 3 = 2 MPa. The size of the specimen is 50 mm in the vertical direction, which is 149 the direction of major principal stress (σ 1 ), 30 mm in the direction of intermediate principal stress (σ 2 ), 150 and 25 mm in the direction of minor principal stress (σ 3 ). The test was displacement-controlled, with a 151 constant rate of displacement (in direction 1) of 1.25 m/s, i.e., a strain rate of 2.5 10 -5 s -1 (see 152
Bésuelle & Hall 2011 for further details). Figure 2a shows the evolution of the differential stress (σ 1 -153 σ 3 ) vs. axial strain. The curve shows a first stress peak at 0.02 axial strain, followed by a strong stress 154 drop. Then, a slow stress increase is observed, followed by a second stress drop at 0.42 axial strain. 155
After, the stress is quite constant. As shown in Figures 2b and 2c (gage length of 180 µm), these two 156 stress drops are associated with major faulting in the specimen. The crack that appeared during the 157 second drop is conjugate to the first crack set, which appeared at the first drop. This set of conjugate 158 fractures, at an angle of 20° to 45° about the direction 1, will be referred to as "main synthetic In COX-10MPa, we observed the two types of antithetic fractures mentioned above. Antithetic 222 fractures of Type I are very similar (indicated in Figure 5 .f) to those in COX-2MPa but rare, whereas 223 antithetic fractures of Type II contain a wider damage zone in comparison to those in COX-2MPa, in 224 which the average grain size and the pore size is significantly smaller, consistent with stronger 225 cataclasis at high confining pressure. In parts of the damage zones interpreted to be restraining 226 sections, pores in the reworked clay aggregates cannot be resolved in the SEM. 227
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In both samples, the fragments between the arrays of antithetic fractures show only minor deformation 228 indicated by fractured grains of organic matter (Figure 7 .b), calcite (Figure 7 .d, c) or quartz ( Figure  229 7.d). Visible relative rotation of parts of fractured grain is rare (Figure 7.d) . 230
Synthetic fractures 231
The synthetic fractures are the regions that localized most of strain and have the thickest damage zone 232 (Figures 2 and 3) . Here, COX-2MPa and COX-10MPa show very similar microstructures. The grain 233 (fragment) size of non-clay minerals is significantly smaller than in the host rock and their sizes are 234 poorly sorted. In comparison to undeformed sample (Figure 4 The DIC analysis is not affected by this because the images were acquired during deformation of 260 preserved (wet) samples. SEM analysis is done on samples which have been deformed and unloaded, 261 followed by slow drying in low vacuum and further dehydration in the high vacuum of the BIB and 262 SEM. In COX-10MPa, this is illustrated by Figures 3.c and 3.d. Figure 3 292 In our experiments, differential stresses exceed the confining pressure by a factor of 3-15, which 293 would suggest that dilatant fracturing prevails over other mechanisms (e.g. Kohlstedt et al., 1995) . 294 This is partly corroborated from the stress-strain measurements that show major stress drops after 295 peaks of stress (Figures 2 and 3) . In agreement with this, at micro-scale the first conclusion based 296 on the microstructural observations above is the dominantly cataclastic deformation in Callovo-297
Deformation mechanisms
Oxfordian Clay at confining pressures up to 10 MPa. Microfracturing, producing fragments at a range 298 of scales and reworking into a phyllosilicate-rich cataclastic gouge during frictional flow are the main 299 processes in both samples. This is accompanied by dilatancy and by microfracturing of the original 300 fabric, but also by progressive decrease of porosity and pore size in the gouge with the non-clay 301 particles embedded in reworked clay. The structure of macro-scale fracture in the samples compares 302 well with Ishii et al., (2011, 2016) . 303
Although in many cases the initial fractures propagate around the hard non-clay grains, there is also 304 significant fracturing of the hard non-clay minerals (e.g. Figure 7 .b-d). This can be due to local stress 305 concentrations at contacts between adjacent non-clay clay minerals, or because the clay matrix is so 306 strongly cemented that it can transmit stresses sufficient to fracture calcite and quartz grains. Broken 307 non-clay minerals can displace or rotate with respect to each other (Figure 7 In COX-2MPa, the propagation of antithetic fractures of Type I (Figure 7 .a) is predominantly in the 311 clay matrix. This is in agreement with the smaller strain in comparison to antithetic fractures of Type 312 II. Antithetic fractures of Type II contain angular non-clay grains with size smaller than those in the 313 host rock. We interpret these as evidence for comminution by grain fracturing. Matching broken 314 grains (Figure 7 .e) are rare and in agreement with high strain cataclastic flow. Fragments of clay 315 aggregates in the antithetic fractures of Type II are much less coherent (Figure 7 .h) and more porous 316 than the undeformed COX (Figure 7 .i), indicating strong remolding by cataclastic flow, and perhaps 317 also plastic deformation of phyllosilicates. Here, because pore morphologies do not show typical 318 shapes that originate from drying, we interpret that these developed during deformation. 319
Microstructures in the main synthetic fractures, both in COX-2MPa ( Figure 8 ) and COX-10 MPa 320 ( Figures 9 and 11) , are similar. Angular non-clay minerals in the reworked clay matrix have a wide 321 range of grain sizes, smaller than those in the host rock. These characteristics are typical for cataclasis 322 (Passchier & Trouw, 2005) . COX-2MPa the cataclastic gouge seems to be more porous than in COX-323 10 MPa; this is as expected for the lower mean stress, but firm conclusions require further study to 324 exclude that this is an unloading and drying effect. For COX-10MPa, the porosity in clay matrix is 325 11/30 clearly reduced in comparison to the one in the host rock: most pores, if present, are below the 326 resolution of SEM (Figure 9 and 10). The mechanism of this compaction during shearing is interpreted 327 to be a combination of cataclasis of the cemented clay matrix, and shear-induced rearrangement of 328 clay particles around the fragments of non-clay particles. 
